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Control signalsAbstract This paper proposed a hybrid technique based on power quality (PQ) enhancement in
grid connected Photovoltaic (PV) system. The hybrid technique is the combined performance of
both the Radial Basis Function Neural Network (RBFNN) and Proportional Integral (PI) con-
troller. The primary intention of the proposed method is to predict the adaptive gain parameters
for both the normal and abnormal environment in the grid side. In the proposed method, the
RBFNN is trained with input parameters such as grid power variations and the target gain param-
eters of the PI controller. During the testing time, the RBFNN predicts the gain parameters of the
PI controller as per the grid side parameter variation and the PQ of the grid side has been enhanced.
Then the proposed method is implemented in the MATLAB/Simulink platform and the effective-
ness is examined by comparison analysis with the conventional techniques.
 2016 Production and hosting by Elsevier B.V. on behalf of Ain Shams University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
For the last two decades [1] renewable energy is very well
known. Renewable energy sources are forecasted to turn out
to be competitive with conventional power generation systems
[2]. The efforts to widen the use of renewable energy resources
instead of polluting fossil fuels and other forms are raised [3,4].
Renewable energy sources such as photovoltaic (PV), hydro,
fuel and wind generation systems have obtained much atten-tion newly as alternative means of producing electricity [5,6].
The exploitation of renewable energy sources has been pro-
moted rapidly to accomplish increasing energy demand and
deal with global climate change [7].
The PV energy is a substitute energy source which is widely
emerged as pollution-free, abundant and widely available.
When differentiate with natural gas, which produce carbon
dioxide is between 0.6 and 2 lb of equal per kilowatt-hour
(CO2E/kW h), and coal, produce between 1.4 and 3.6 lb of
CO2E/kW h, wind produces only 0.02–0.04 lb of CO2E/kW h,
solar 0.07–0.2, geothermal 0.1–0.2, and hydroelectric between
0.1 and 0.5 [35]. It demonstrates that the wind and solar energy
only emit less pollution when compared to others. The installa-
tion cost, production cost and the energy accessibility features
certify that the PV energy has more significant power produc-
tion compared to wind power generation [8,9]. The PV power
generation applications can be splitted into two categories,), http://
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system needs the battery bank to accumulate the PV energy and
is appropriate for a low power system. Alternatively, a grid
connected system does not need the battery bank and has
turned out to be the primary method for high power applica-
tions [10,11]. In grid connected operation, it can meet the grid
code necessary without important complexity compared to
other renewable energy sources and grid connected system
and the dc voltage from the PV array is typically changed to
an ac voltage via a power electronic voltage source converter
(VSC) [12].
Under differing solar irradiances grid connected PV systems
to power quality in distribution systems. Low-power PV systems
can be planned to develop the power quality [13]. Power quality
is manipulated by three factors such as generation aspects, con-
sumer aspects and network aspects [14]. Effects of poor power
quality such as sag swell distortion in waveform, harmonics,
and reactive power generation have affected both grid and util-
ity sectors [15]. PV cells and power quality conditioner for volt-
age sags suggest to work out power quality issue by means of a
voltage controlled converter that performs as a shunt controller
enhancing the voltage quality in case of small voltage dips and in
the presence of nonlinear loads [16,17]. The power losses, THD,
and errors on dissimilar parts of the system for which the behav-
ior of the system varies considerably and instability may happen
inside the system [1]. However, in comparison with other renew-
able technologies, PV systems still come across most important
difficulties and may create some difficult effects to the system,
such as overloading of the feeders, harmonic pollution, high
investment cost, low efficiency, and low dependability, which
hold back their extensive use [18,19].
This paper proposed a hybrid technique based on power
quality (PQ) enhancement in grid connected PV system. The
RBFNN is trained with input parameters such as grid power
variations and the target gain parameters of the PI controller.
During the testing time, the RBFNN predicts the gain param-
eters of the PI controller as per the grid side parameter varia-
tion and the PQ of the grid side has been enhanced. The rest of
the paper organized as follows: the recent research works are
analyzed in Section 2; the multi-objective formulation for
UCP is described in Section 3; the proposed hybrid algorithm
brief explanation is explained in Section 3.1; the suggested
technique achievement results and the related discussions are
given in Section 4; and Section 5 ends the paper.2. Recent research works: A brief review
In the literature numbers of research works have formerly pre-
sent which were based on the voltage instability of a PV system
by means of different optimization techniques. A few of the
works are assessed here. An energy-based Lyapunov function
suggested by Mahmud et al. [20] was employed to examine
the stability of internal dynamics of a PV system. The presen-
tation of the controller was assessed based on the tracking of
grid current to the reference current by considering the alter-
nates in atmospheric conditions. To make certain the appro-
priateness of the suggested controller in an actual system, a
large system similar to a practical system was replicated under
dissimilar operating conditions such as changes in atmospheric
conditions and errors on different parts of the system and com-
pared with conventional controllers.Please cite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in gri
dx.doi.org/10.1016/j.asej.2016.04.007A solution for decreasing the ground leakage current in
transformer less single-phase grid-connected photovoltaic con-
verters has been suggested by Barater et al. [21]. This was
attained with the introduction of an active common-mode fil-
ter able to balance for deviations of the output common-mode
voltage of the power converter. The active common-mode filter
was employed to an extensive and competent full-bridge driven
by a three-level pulse width modulation, permitting the power
converter to work with low ground leakage current and with a
random power factor.
Subramanian et al. [22] have offered single-phase syn-
chronous reference frame phase-locked loop (SRF PLL) with
fixed sampling period sliding discrete Fourier transform
(SDFT) filter as OS generator was suggested. Moreover, this
filter was competent of rejecting dc offset and harmonics there
in the grid voltage. With this display, the loop filter of PLL
need not be provided with filtering capability. As a result,
PLL could be planned with larger bandwidth, which will effect
in improved transient performance. On the other hand, SDFT
output will be incorrect with asynchronous sampling, under
grid frequency drift. With appropriate study, relation among
those errors and variation of frequency from nominal value
was launched. Error compensation at any grid frequency can
be attained by means of this relation. To authenticate the sug-
gested method, different grid abnormalities were followed with
the help of programmable power source and dSPACE real-
time controller board. The efficiency of the suggested plan
was shown through experimental explorations.
A new method containing shunt (current) and series (volt-
age) compensation of modules and strings, respectively has
been suggested by Sharma and Agarwal [23]. Per this tech-
nique, a current-compensating converter was linked in shunt
with each module, and a voltage-compensating converter is
linked in series with each string. This makes easy each PV
module to work at its precise MPP and deliver maximum
power. All the analytical, simulation, and experimental effects
of this study are comprised.
Faraji et al. [24] have suggested simplifying the system
based on the plan constraints for hardware execution of digital
controller on FPGA. The optimized plan of hardware architec-
ture and the high processing speed of FPGA have improved
the presentation of digital controller in planned MPPT system.
The experimental effects demonstrate that the suggested
method offers a good tracking speed and alleviation of fluctu-
ation output power.
Ghaffari et al. [25] have suggested Newton-based ES algo-
rithm that concurrently uses estimates of the gradient and Hes-
sian in the peak power tracking. The convergence rate of such
a plan to the MPP was independent of the Hessian, with tun-
able transient presentation that is independent of environmen-
tal conditions. We offer simulation and the experimental
results that demonstrate the efficiency of the suggested algo-
rithm in comparison with the presented scalar designs and as
well with multivariable gradient-based ES.
Konstantopoulos and Koutroulis [26] have suggested track-
ing the global MPP of flexible PV modules the result of geo-
metrical installation parameters of stretchy PV modules, such
as the bending angle, tilt angle, and orientation, on the shape
of the power–voltage characteristic was experimentally exam-
ined. An experimental relative study as well offered shows that
compared to the past-proposed MPP tracking (MPPT)
techniques, the system suggested was proficient to identifyd connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
Enhancement of PQ in grid connected PV system 3the global MPP of a flexible PV module with less search steps.
Therefore, the power loss during the global MPPT process was
reduced and the energy production of the flexible PV module is
exploited.
Conventionally, various methods and optimization algo-
rithms are used to enhance the PQ performance of the grid con-
nected PV system such as Lyapunov stability function,
synchronous reference frame (SRF), sliding discrete Fourier
transform (SDFT), fuzzy logic controller, synchronization
algorithm, Maximum Power Point Tracking (MPPT) algo-
rithm, genetic algorithm, PSO algorithm and ABC algorithms.
But, still some complexities are presented such as, time consum-
ing as they are iterative and need heavy computation burden
and slow convergence. The MPPT techniques are used to deli-
ver maximum power into the grid but having implementation
complexity. A precise synchronization algorithm is needed to
estimate the grid voltage parameters that are voltage ampli-
tude, frequency, and phase angle, as these values are needed
for conducting an accurate control of the active and the reactive
power delivered to the grid but synchronization system works
as an oscillator at a fixed frequency. By using Fuzzy, the solu-
tion is improved but it does not characterize the unique nature
of fuzzy systems theory. Due to the complexity of genetic oper-
ators, the convergence time of GA is high. On the other hand,
PSO has been proved to have good global search ability. But in
PSO algorithm, the velocity equation consists of stochastic
variables so the global best value is varying uncertainly. The
difficulty of using a PI controller is the necessity of tuning the
gain with changes in atmospheric conditions or loaded condi-
tions. Therefore, an efficient technique is needed for solving this
problem. In the literature very few works are presented to solve
this problem and the presented works are ineffective. These
problems and drawbacks have motivated to do this research
work. The grid connected PV system with proposed controller
is described in the following Section 3.
3. Grid connected PV system with proposed controller
Fig. 1 describes about the grid connected PV system with pro-
posed controller. Here, PV system is the source and it gener-
ates electricity from the solar energy. The PV connected toInverter
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Figure 1 Block diagram of the grid co
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dx.doi.org/10.1016/j.asej.2016.04.007the grid via inverter, LC filter and point of common coupling
(PCC). The inverter converts the DC supply into AC and fed
to the LC filter. The main aim of the grid connected PV topol-
ogy is given a constant power flow parameters for both the
normal and abnormal conditions. During the grid faulty con-
dition develops the PQ issues in the grid connected PV systems.
By employing the suggested hybrid control technique the
reported problems can be corrected. The suggested hybrid con-
trol technique contains two cascaded loops like inner current
loop which has the liability for power quality issues and cur-
rent protection and an outer voltage control loop [30]. The
proposed control technique is used to generate the control
pulses of the inverter by utilizing the grid parameters.
The LC filter is employed as the output filter in order to
limit the higher order harmonics coming from the inverter
switching behavior as it can be seen in Fig. 1. Hence, ignoring
all the filter losses, the system at the ac side can be explained in
the subsequent equation (1) [31].
digðtÞ
dt
¼ vinvðtÞ
L
 Cf d
2vgðtÞ
dt2
 vgðtÞ
L
ð1Þ
where ig is the injected grid current; vg is the grid voltage and
vinv is the inverter output voltage. The grid parameters such as
voltage and current are essential to decide the grid side PQ,
which is used to determine the active and reactive power of
the grid. The active and reactive power delivered to the grid
has been calculated by using the following Eqs. (2) and (3) [31].
P ¼ 1
2
vdgi
d
g ð2Þ
Q ¼  1
2
vdgi
q
g ð3Þ
where d and q are the grid voltage and current in a dq-rotating
synchronous reference frame; P and Q are the active and reac-
tive power respectively. The PQ problem is identified through
the error calculation between the actual grid side parameters
and the reference power values attained from the PV system.
In the PV system, Maximum Power Point Tracking technique
(MPPT) is utilized for the power value calculation. The control
diagram under grid fault condition is described in Fig. 2.LC filter
Grid parameter 
detection
P
Q
vg ig
M signals
PCC             Grid
nnected PV system with controller.
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Figure 2 Controller diagram of the grid connected PV system.
4 B.G. Sujatha, G.S. AnithaThe error calculation is defined in the following Eqs. (4)
and (5).
DP ¼ ½PðactÞ  PðrefÞ ð4Þ
DQ ¼ ½QðactÞ QðrefÞ ð5Þ
where DP and DQ are the error values of the active and reac-
tive power; P(act) and Q(act) are the actual active and reactive
power; P(ref) and Q(ref) are the reference active and reactive
power. The error values are allowed to the PI controller, which
is described in Fig. 3.
The output performance of the PI controller is mathemati-
cally represented in the following Eqs. (6) and (7).
uðtÞP ¼ DPðtÞ  KP þ KI
Z t
0
dt
 
ð6Þ
uðtÞQ ¼ DQðtÞ  KP þ KI
Z t
0
dt
 
ð7Þ
where u(t)P and u(t)Q are the output function of the PI con-
troller for active power and reactive power respectively; Kp is
the proportional gain and KI is the integral gain. The reference
current values of the ab system are calculated as follows [30].
iagðrefÞ ¼
2ðvagPðrefÞ þ vbgQðrefÞÞ
ðvagÞ2 þ ðvbgÞ
2
ð8Þ
ibgðrefÞ ¼
2ðvbgPðrefÞ  vagQðrefÞÞ
ðvagÞ2 þ ðvbgÞ
2
ð9Þ
where iagðrefÞ and ibgðrefÞ are the reference grid current values of
the ab system; vag and v
b
g are the grid voltage of the ab system.Figure 3 RBFNN-PI
Please cite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in gri
dx.doi.org/10.1016/j.asej.2016.04.007The outcome of the PI controller is used for the evaluation of
reference grid current and which will be utilized for generating
the appropriate control pulses of the inverter. In normal con-
dition, the grid side power flow parameters are in normal con-
dition. If any fault condition occurs, the parameters are
changed from the normal condition, because of the amplitude
variation of the grid side voltage and current. According to the
variation of the grid side parameters, the control signals are
generated using the proposed hybrid methodology. The
RBFNN based PI controller gain parameter prediction is
explained in the following Section 3.1.
3.1. RBFNN based gain parameters prediction
The RBNN is the kind of NN, which is employed to forecast the
gain parameters based on the symmetric and asymmetric oper-
ating conditions. At the particular target [32] the neurons are
coached with the different operating conditions parameters.
TheRBFNN includes a lot of artificial neurons in it. Frequently,
the RBFNN possesses three types of layer, namely, the input
layer, the hidden layer and the output layer. The learning task
is offered as examples, called as training examples. Here, the
RBFNN has been trained by using the input error and change
in error of either active power or reactive power with the corre-
sponding target gain parameters. During the testing time the
RBFNN has predicted the optimal gain parameters of the PI
controller based on the PQ parameters variations. The back
propagation training process is utilized for the training of
RBFNN, which is explained in the following section [33,34].
The structure of the RBFNN network is shown in Fig. 4.controller structure.
d connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
Figure 4 Structure of RBFNN.
Figure 5 Simulink model: (a) grid connected PV model; (b) proposed controller.
Table 1 Implementation parameters.
Parameters Values
Nominal grid voltage (V) 10 kV
Filter inductance (L) 250 lF
Enhancement of PQ in grid connected PV system 5(a) Steps in back propagation algorithm
Step 1: Initialize the weights of all the neurons, i.e., error
(DP or DQ) and change in error dDPdt or
dDQ
dt
 
parameters
of either active power or reactive power.
Step 2: Assess the back propagation error of the target by
means of the subsequent Eq. (10).Filter capacitance (C) 10 mF
Grid frequency (x) 2p  50 rad/s
Grid resistance (Rg) 7 lF
Please
dx.doiEkBP ¼ GkPIðtarÞ  GkPIðoutÞ ð10Þ
where GkPIðtarÞ is the network target of the kth node and
GkPIðoutÞ is the current output of the kth node.cite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in grid connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
.org/10.1016/j.asej.2016.04.007
Figure 6 Grid at normal condition: (a) voltage; (b) current; (c)
real power; (d) reactive power.
Figure 7 Grid at fault condition: (a) voltage; (b) current; (c) real
power; (d) reactive power.
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Enhancement of PQ in grid connected PV system 7Step 3: The current output of the network is evaluated from
the following Eq. (11).Fig
Please
dx.doiGkPIðoutÞ ¼ fðGkPIðnÞÞ þ
XN
n¼1
wknG
k
PIðnÞ ð11Þ
where fðGkPIðnÞÞ indicates the bias function of the node k.
GkPIðnÞ ¼
1
1þ expðwknGkPI  w1nG1PIÞ
The activation function of output and hidden layer is the
above equation. The bias function of the radial bias
function is uttered as follows,ur
cite
.orgfðGkPIðnÞÞ ¼
XN
n¼1
wknHkðfðGkPIðnÞÞÞ ð12Þe 8 Using PI controller: (a) voltage; (b) current; (c) voltage drop;
this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in grid conne
/10.1016/j.asej.2016.04.007where N is the number of neuron; wkn is the weight of
the kth neuron; HkðfðGkPIðnÞÞÞ are the response of the
kth neuron of the hidden layer which are determined
by the following equation, !HkðfðGkPIðnÞÞÞ ¼ exp
kðGkPIðnÞÞ  cpk2
rp
ð13Þ
In the above equation, cp is the center value of the pth
neuron and rp is the scalar factor.
Step 4: By utilizing the expression stated in Eq. (14)
novel weights for the complete number of neurons are
calculated.(d
ctedWnew ¼ Wold þ DW ð14Þ) voltage recovery; (e) real power; (f) reactive power.
PV system using hybrid technique, Ain Shams Eng J (2016), http://
Figure 9 Using ANN-PI controller: (a) voltage; (b) current; (c) voltage drop; (d) voltage recovery; (e) real power; (f) reactive power.
8 B.G. Sujatha, G.S. AnithaWold points out the earlier weight; DW symbolizes the
difference in weight and this weight change can be found
by means of the relation; DW ¼ nGkPIðnÞEkBP; n is known
as the learning rate and its value reduces between 0.2
and 0.5.
Step 5: This step tries to decrease the back propagation
error ðEkBP Þ by reiterating the process from Step 2, until a
smallest error value is reached.Please
dx.doi.10EkBP < 1 ð15Þ
Once the process gets finished, the RBFNN is ready to
give the gain parameters of the PI controller based on
the PQ parameter variations. The predicted parameterscite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in grid conne
org/10.1016/j.asej.2016.04.007are utilized for the PI controller and it is described in
the following section.3.2. PI controller with the predicted gain parameters
The gain parameters such as KbestP and K
best
I attained from
the RBFNN are allowed for the PI controller, which min-
imizes the power variations in the grid side. This action
enhances the PQ of the system for both the normal and
abnormal environments. By using the attained gain
parameters, the given Eqs. (6) and (7) are rewritten as
follows:cted PV system using hybrid technique, Ain Shams Eng J (2016), http://
Figure 10 Using proposed controller: (a) Voltage; (b) current; (c) voltage drop; (d) voltage recovery; (e) real power; (f) reactive power.
Enhancement of PQ in grid connected PV system 9uðtÞbestP ¼ DPðtÞ  KbestP þ KbestI
Z t
0
dt
 
ð16Þ
uðtÞbestQ ¼ DQðtÞ  KbestP þ KbestI
Z t
0
dt
 
ð17Þ
The above mentioned equations are the time domain based
PI controller outcomes. Similarly the Laplace domain
based outcomes can be described in the following Eqs. (18)
and (19).Please cite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in gri
dx.doi.org/10.1016/j.asej.2016.04.007UðsÞbestP ¼ DPðsÞ  KbestP þ
KbestI
s
 
ð18Þ
UðsÞbestQ ¼ DQðsÞ  KbestP þ
KbestI
s
 
ð19Þ
where KbestP and K
best
I are the best proportional and integral
gains predicted from the RBFNN. The proposed method is
implemented in the MATLAB/Simulink platform and the
attained results are discussed in Section 4.d connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
10 B.G. Sujatha, G.S. Anitha4. Results and discussionFigure 11 Comparison of real power.
Figure 12 Comparison of reactive power.The implementation of the proposed control technique is car-
ried out in the MATLAB/Simulink 7.10.0 (R2012a) platform,
4 GB RAM and Intel(R) core(TM) i5. Here, the grid con-
nected PV system is modeled and the PQ of the system is ana-
lyzed through the proposed control technique. The proposed
control technique produces control pulses of the inverter for
both the normal and abnormal conditions of the grid. The
Simulink model of the grid connected PV system and control
technique is described in Fig. 5. The implementation parame-
ters are shown in Table 1. The effectiveness of the proposed
technique is analyzed by creating the three phases to ground
fault at the grid side and the corresponding performance was
analyzed for different solution techniques. The attained results
are portrayed and discussed in the following.
To analyze the PQ improvement different techniques are
required for the grid parameters such as voltage, current, real
power and reactive power for both the normal and abnormal
conditions. Initially the performance of the grid connected
PV system is tested under normal condition, which ensures
that the system has no fault at the grid side. The simulation
time required for the testing process is 0–0.2 s. The grid side
voltage, current, real power and reactive power at normal con-
dition are described in Fig. 6. It shows that the grid voltage is
10 kV, grid current is 1000 A, real power is 100 MW and reac-
tive power is 0.3 MVAr. The grid side parameters under fault
condition are described in Fig. 7. Here, three phases to ground
fault were introduced in the grid side at the time duration
0.12–0.16 s. The grid voltage amplitude has been reduced
25% from the original value and grid current has been
increased as vice versa. These conditions affect the real power
and reactive power of the grid and make the PQ problem at the
grid side. The different types of solution techniques are applied
for this fault condition and the PQ enhancement is analyzed.
The PI controller based grid connected PV system and their
grid side parameters are illustrated in Fig. 8. It shows that
the grid voltage has amplitude reduction 22% from the
original value at the fault applied time 0.12–0.16 s. The men-
tioned results show that the PI controller only utilizes the fixed
gain parameters such as KP = 1.4 and KI = 18 for all the con-
ditions, which does not produce enough gain value for all the
conditions. The ANN based PI controller has been utilized for
the grid connected PV system and the PQ performances were
evaluated in Fig. 9.
The ANN-PI based PQ parameters at the grid side during
the three phases to ground fault are described in Fig. 9. It
was clearly shown that the grid voltage at the fault condition
has 20% of amplitude reduction from the original value and
the grid current amplitude improvement from the original
value was reduced. The voltage drop occurs at the time
0.12 s and the time it requires to recover the voltage into the
normal condition is 0.169 s. These performances decide the
grid side real power and reactive power. The attained gain
parameters from the ANN are KP = 0.8 and KI = 16. Then
the performance of the proposed method is illustrated in
Fig. 10. The proposed method is mainly based on the RBFNN
based gain parameters prediction of the PI controller. The
RBFNN is trained with the input error and change error of
either active or reactive power or corresponding output gain
parameters. For this fault condition, the RBFNN predictsPlease cite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in gri
dx.doi.org/10.1016/j.asej.2016.04.007the gain parameters of the PI controller are KP = 0.35 and
KI = 12.75. By using the gain parameters the PI controller
has been worked and generates the reference current signals.
Based on the outcome of the PI controller the control pulses
of the inverter were developed. The proposed control tech-
nique improves the voltage amplitude during the fault condi-
tion by generating the corresponding switching pulses of the
inverter. Compared to the other techniques, the proposed
method compensates the voltage sag effectively and recovers
the voltage collapse at reduced time 0.167 s. The grid current,
real and reactive power problem during the fault time also
resolved effectively. After that the obtained real and reactive
power of the suggested method is assessed with different tech-
niques as shown in Figs. 11 and 12. The harmonic analysis of
the load side voltage using different methodologies is repre-
sented in Fig. 13. In Table 2 the attained gain parameters from
dissimilar control techniques like PI controller, ANN-PI con-
troller and suggested method are demonstrated. The attained
THD (%) value for dissimilar techniques is publicized in
Table 3. This table demonstrates that the THD value at the
fault condition is 14.12%, PI controller has 11.65%, the
ANN-PI controller has 7.50% and the suggested method has
2.72%. The statistical measures’ comparison analysis between
the proposed methodology and ANN is described in Table 4.d connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
Figure 13 THDmeasurement of the load side voltage (a) without controller, (b) using PI controller, (c) using ANN-PI controller and (d)
using proposed controller.
Table 2 Gain parameters for various techniques.
Solution techniques Proportional gain (KP) Integral gain (KI)
PI 1.4 18
ANN-PI 0.8 16
Proposed 0.35 12.75
Enhancement of PQ in grid connected PV system 11From the above Table 4, the TP, FP, TN and FN are
described as the true value is correctly identified as a true
value, true value is incorrectly identified as false value, true
value is correctly identified as true and false value incorrectly
identified as true respectively. Likewise, the other types of
faults are described and the accuracy, sensitivity and specificity
values are calculated by using the following formula [36].
Accuracy:Table 3 THD analysis.
Solution techniques THD (%)
Please cite
dx.doi.orgAccuracy ¼ TPþ TN
TPþ FPþ TNþ FNWithout controller 24.97
PI 12.86
Sensitivity:ANN-PI 8.44
Proposed 4.81
Sensitivity ¼ TPðTPþ FNÞSpecificity:Specificity ¼ TNðFPþ TNÞ
Table 4 Description of TP, TN, FP and FN.
Descriptions of signals Testing results
True False
Target conditions True TP FN
False FP TNThe calculated statistical measures are tabulated in Table 5,
which has been analyzed for 5 numbers of test cases and the
corresponding TP, TN, FP and FN values are noticed.
Fig. 14 shows that the comparison of the performance mea-
sures such as accuracy, sensitivity and specificity for the pro-
posed technique and ANN. While seeing the accuracy value
of the three techniques, the proposed technique yielded higher
accuracy than the ANN. On looking at the values of sensitiv-
ity, proposed and ANN have 89.4% and 87.1% sensitivity.
When compared to the sensitivity, the proposed technique
has 2% higher value than the ANN technique. The specificity
value was also higher for the proposed technique which in turn
shows the effectiveness of the proposed technique whilethis article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in gri
/10.1016/j.asej.2016.04.007predicting the gain values. From the comparison study, we
can conclude that the suggested method successfully improves
the PQ of the grid connected PV system compared to the
conventional techniques.d connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
Table 5 Accuracy, sensitivity and specificity values comparison.
Solution techniques Number of test cases TP FP FN TN Accuracy Sensitivity Specificity
RBFNN 1 14 2 1 13 0.9 0.933333 0.866667
2 12 1 2 14 0.896552 0.857143 0.933333
3 13 1 2 14 0.9 0.866667 0.933333
4 15 2 0 13 0.933333 1 0.866667
5 12 0 3 15 0.9 0.8 1
ANN 1 13 2 2 13 0.866667 0.866667 0.866667
2 12 5 2 10 0.758621 0.857143 0.666667
3 14 5 1 10 0.8 0.933333 0.666667
4 14 4 1 11 0.833333 0.933333 0.733333
5 13 2 2 13 0.866667 0.866667 0.866667
Figure 14 Comparison analysis of statistical measures.
12 B.G. Sujatha, G.S. Anitha5. Conclusion
This paper proposed a RBFNN and PI controller based PQ
enhancement of the grid connected PV system. The RBFNN
decides the optimal gain parameters of the PI controller based
on the grid side parameters variations. By using the attained
gain parameters, the PI controller has been operated and the
PQ of the grid side has been enhanced. The benefits of the sug-
gested method are vigorous performance with the increased
level of dependability and flexibility in working out more com-
plex problems. The performance of the proposed technique
was assessed by means of the comparison analysis with the pre-
sented technique. The comparison effects expose that the sug-
gested method might be a promising candidate for the PQ
improvement of the grid connected PV systems under grid side
faults, which is proficient over the other conventional
techniques.References
[1] Rocabert Joan, Luna Alvaro, Blaabjerg Frede, Rodriguez Pedro.
Control of power converters in AC microgrids. IEEE Trans
Power Electron 2012;27(11):4734–49.
[2] Thounthong Phatiphat, Luksanasakul Arkhom, Koseeyaporn
Poolsak, Davat Bernard. Intelligent model-based control of a
standalone photovoltaic/fuel cell power plant with super capacitor
energy storage. IEEE Trans Sustain Energy 2013;4(1):240–9.
[3] Bouchafaa F, Beriber D, Boucherit MS. Modeling and simulation
of a gird connected PV generation system with MPPT fuzzy logic
control. In: 7th international multi-conference on systems signals
and devices (SSD). p. 1–7.Please cite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in gri
dx.doi.org/10.1016/j.asej.2016.04.007[4] Patcharaprakiti N, Premrudeepreechacharn S. Maximum power
point tracking using adaptive fuzzy logic control for grid-
connected photovoltaic system. IEEE power engineering society
winter meeting 2002;1:372–7.
[5] Samerchur S, Premrudeepreechacharn S, Kumsuwun Y, Higuchi
K. Power control of single-phase voltage source inverter for grid-
connected photovoltaic systems. In: Power Syst Conf Expos
(PSCE). p. 1–6.
[6] Cao Dong, Jiang Shuai, Yu Xianhao, Peng Fang Zheng. Low-cost
semi-Z-source inverter for single-phase photovoltaic systems.
IEEE Trans Power Electron 2011;26(12):3514–23.
[7] Sun Kai, Zhang Li, Xing Yan, Guerrero Josep M. A distributed
control strategy based on DC bus signaling for modular photo-
voltaic generation systems with battery energy storage. IEEE
Trans Power Electron 2011;26(10):3032–45.
[8] Ozdemir Engin, Kavaslar Fatih. A new multifunctional power
converter for grid connected residential photovoltaic applications.
In: Energy Convers Congr Expos. p. 2650–6.
[9] Ray Soumyadeep, Sreedhar Madichetty, Dasgupta Abhijit. ZVCS
based high frequency link grid connected SVPWM applied three
phase three level diode clamped inverter for photovoltaic appli-
cations. In: Power and energy systems conference: towards
sustainable energy. p. 1–6.
[10] Mulolani F, Armstrong M, Zahawi B. Modeling and simulation
of a grid-connected photovoltaic converter with reactive power
compensation. In: Proceedings of international symposium on
communication systems, networks & digital signal processing. p.
888–93.
[11] Alajmi BN, Ahmed KH, Adam GP, Finney SJ, Williams BW.
Modular multilevel inverter with maximum power point tracking
for grid connected photovoltaic application. In: Int Symp Ind
Electron. p. 2057–62.
[12] Farhoodnea Masoud, Mohamed Azah, Shareef Hussain, Zayan-
dehroodi Hadi. Power quality analysis of grid-connected photo-
voltaic systems in distribution networks. Przeglad
Elektrotechniczny 2013:208–13.
[13] Mastromauro Rosa A, Liserre Marco, Kerekes Tamas, Dell
Antonio. A single-phase voltage-controlled grid-connected pho-
tovoltaic system with power quality conditioner functionality.
IEEE Trans Ind Electron 2009;56(11):4436–44.
[14] Klatt Matthias, Dorado Alicia, Meyer Jan, Schegner Peter,
Backes Ju¨rgen, Li Ran. Power quality aspects of rural grids with
high penetration of micro generation, mainly PV-installations. In:
Proceedings of the 21st international conference on electricity
distribution. p. 1–4 [Dresden–Germany and Stuttgart–Germany].
[15] Chovatia Chandani M, Gupta Narayan P, Gupta Preeti N. Power
quality improvement in a PV panel connected grid system using
shunt active filter. International journal of computer technology
and electronics engineering (IJCTEE) 2012;2(4):41–5.
[16] Prasad A Hari, Reddy Y Rajasekhar, Kishore PV. Photovoltaic
cell as power quality conditioner for grid connected system.d connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
Enhancement of PQ in grid connected PV system 13International journal of scientific and engineering research 2011;2
(10):1–8.
[17] Sezen Serkan, Aktas Ahmet, Ucar Mehmet, Ozdemir Engin. A
three-phase three-level NPC inverter based grid-connected pho-
tovoltaic system with active power filtering. In: 16th International
power electronics and motion control conference and exposition
(PEMC). p. 1331–5.
[18] Kadri Riad, Gaubert Jean-Paul, Champenois Gerard. An
improved maximum power point tracking for photovoltaic grid-
connected inverter based on voltage-oriented control. IEEE Trans
Ind Electron 2011;58(1):66–75.
[19] Lakshmanan SA, Rajpourhit BS, Jain Amit. A novel current
controlled SVPWM technique for grid connected solar PV system.
In: PES general meeting conference & exposition. p. 1–5.
[20] Mahmud A, Pota H, Hossainm MJ. Nonlinear current control
scheme for a single-phase grid-connected photovoltaic system.
IEEE Trans Sustain Energy 2014;5(1):218–27.
[21] Barater D, Buticchi G, Lorenzani E, Concari C. Active common-
mode filter for ground leakage current reduction in grid-connected
PV converters operating with arbitrary power factor. IEEE Trans
Ind Electron 2014;61(8):3940–50.
[22] Subramanian C, Kanagaraj R. Single-phase grid voltage attri-
butes tracking for the control of grid power converters. IEEE J
Emerg Sel Top Power Electron 2014;2(4):1041–8.
[23] Sharma P, Agarwal V. Maximum power extraction from a
partially shaded PV array using shunt-series compensation. IEEE
J Photovolt 2014;4(4):1128–37.
[24] Faraji R, Rouholamini A, Naji HR, Fadaeinedjad R, Chavoshian
MR. FPGA based real time incremental conductance maximum
power point tracking controller for photovoltaic systems. IET
Power Electron 2014;7(5):1294–304.
[25] Ghaffari A, Krstic M, Seshagiri S. Power optimization for
photovoltaic microconverters using multivariable Newton-based
extremum seeking. IEEE Trans Contr Syst Technol 2014;22
(6):2141–9.
[26] Konstantopoulos C, Koutroulis E. Global maximum power point
tracking of flexible photovoltaic modules. Trans Power Electron
2014;29(6):2817–28.
[30] Blaabjerg F, Teodorescu R, Liserre M, Timbus A. Overview of
control and grid synchronization for distributed power generation
systems. IEEE Trans Ind Electron 2006;53(5):1398–409.
[31] Yang Yongheng, Blaabjerg Frede. Low-voltage ride-through
capability of a single-stage single-phase photovoltaic system
connected to the low-voltage grid. Int J Photoenergy 2013:1–9.
[32] Lin Chuan-Kai. Radial basis function neural network-based
adaptive critic control of induction motors. Appl Soft Comput
2011;11:3066–74.Please cite this article in press as: Sujatha BG, Anitha GS, Enhancement of PQ in gri
dx.doi.org/10.1016/j.asej.2016.04.007[33] Micusik D, Stopjakova V, Benuskova L. Application of feed-
forward artificial neural networks to the identification of defective
analog integrated circuits. Neural Comput Appl 2002;11:71–9.
[34] Jokar MH, Abdi B, Ardebili M. Vector control of induction
motors using radial basis function neural network. In: Proceed-
ings of IEEE international symposium on diagnostics for electric
machines, power electronics and drives. p. 215–8.
[35] Mallikarjun G. Sustainable environment through renewable
energy. Int J Multidisc Adv Res Trends 2015;2(1).
[36] Manoharan Sujatha C, Veezhinathan Mahesh, Ramakrishnan
Swaminathan. Comparison of two ANN methods for classifica-
tion of spirometer data. Meas Sci Rev 2008;8(3):53–7.
Mrs. B.G. Sujatha obtained her Bachelor’s
degree in Electrical and Electronics from
University of Mysore, India. Then she
obtained her master’s degree in power and
energy systems from University of Mangalore,
India, and doing PhD in Electrical Engineer-
ing at Jain University, Bangalore, India. Cur-
rently, she is Associate Professor in the
Department of Electrical and Electronics at
Cambridge Institute of Technology,
Bangalore. Her specializations include power
systems, renewable Energy sources. Her current research interests are
solar energy technology, distributed generation, and power systemsimulation.
Dr. G.S. Anitha received the B.E. degree from
the Bangalore University, India, in 1983, the
M.E degree from the Bangalore University, in
1988, and the Ph.D. degree from the Avina-
shilingam women’s University, Coimbatore,
India, in 2010. From 2007 to 2011, she worked
as Assistant Professor in the Department of
Electrical and Electronics at R.V. College of
Engineering, Bangalore. She is currently
working as Associate Professor in the
Department of Electrical and Electronics
Engineering at RV College of Engg, Bangalore. Her research interests
include renewable energy sources, power electronics and power sys-tems. She is a reviewer for the Journal of Electrical Engineering &
Technology, various International journals including international
conferences.d connected PV system using hybrid technique, Ain Shams Eng J (2016), http://
